Characterization of conditionally lethal mutants of alphaviruses, Sindbis virus and Semliki Forest virus, has indicated that in almost all the RNA-negative mutants the temperature-sensitive (ts) Alphaviruses are enveloped, plus-strand RNA viruses belonging to the Togaviridae. The genome of Sindbis virus (SIN), a prototypic alphavirus, is composed of a single molecule of 49S RNA which has been completely sequenced and found to be 11,703 nucleotides long exclusive of the cap nucleotide and the poly(A) tail (21). After the genome enters the cytoplasm, it must function first as an mRNA. The translation products of the genome are polyproteins yielding four viral nonstructural proteins, nspl, nsp2, nsp3, and nsp4 (recently reviewed in references 17 and 23). The viral structural proteins are translated also as a polyprotein from a subgenomic mRNA which is 3' coterminal with the genome RNA and which arises from internal initiation of transcription on the full-length minus-strand RNA.
Alphaviruses are enveloped, plus-strand RNA viruses belonging to the Togaviridae. The genome of Sindbis virus (SIN), a prototypic alphavirus, is composed of a single molecule of 49S RNA which has been completely sequenced and found to be 11, 703 nucleotides long exclusive of the cap nucleotide and the poly(A) tail (21) . After the genome enters the cytoplasm, it must function first as an mRNA. The translation products of the genome are polyproteins yielding four viral nonstructural proteins, nspl, nsp2, nsp3, and nsp4 (recently reviewed in references 17 and 23) . The viral structural proteins are translated also as a polyprotein from a subgenomic mRNA which is 3' coterminal with the genome RNA and which arises from internal initiation of transcription on the full-length minus-strand RNA.
The nonstructural proteins function as an RNA-dependent RNA polymerase and are responsible for the synthesis of three species of viral RNA: the genome RNA, the full-length minus-strand RNA, and the subgenomic 26S mRNA. The nonstructural proteins probably function also in capping and methylating the genome RNA and the 26S mRNA. After the genome RNA has been translated, it associates with the nonstructural proteins to form a transcription complex and functions as a template for the synthesis of a minus strand. There is no evidence that multiple minus strands are synthesized from each plus-strand template. Rather, once the minus strand is synthesized, it apparently becomes the preferred template of the transcription complex, which then switches to synthesizing multiple plus strands (12) .
Evidence that the viral nonstructural proteins are essential components of the viral replicase come from studies demonstrating that virally encoded proteins are required for the synthesis of viral RNA. Temperature-sensitive (ts) mutants of SIN that have an RNA-negative phenotype have been * Corresponding author. isolated; they fail to initiate viral RNA synthesis when cells are infected at the nonpermissive temperature (1, 10, 22) . The RNA-negative ts mutants of the heat-resistant strain of SIN (SIN HR) have been assigned to four complementation groups (19) . The RNA-negative ts mutants of SIN HR have ts defects that prevent the formation of viral transcription complexes. Although viral RNA synthesis will not initiate at the nonpermissive temperature, it will occur at the nonpermissive temperature if it was initiated at the permissive temperature. The mutant ts6 is an exception.
Previous studies (1, 7, 14) have shown that ts6 is an RNA-negative mutant of SIN HR belonging to the F complementation group. Not only did viral RNA synthesis fail to occur when the infection was initiated at the nonpermissive temperature, but viral RNA synthesis also ceased after ts6-infected cells were shifted up to the nonpermissive temperature. Since both plus-and minus-strand RNA syntheses were inhibited after shifting up to the nonpermissive temperature (14) , it was concluded that ts6 had a ts defect in the core polymerase activity responsible for both plus-and minus-strand RNA syntheses (5). After ts6 RNA synthesis was inhibited by shifting up, it resumed if ts6-infected cells were then returned to the permissive temperature (7) (16) . The heat-resistant strain of SIN (SIN HR) and the RNA-negative ts mutant of the F complementation group of SIN HR, ts6, have been described previously (1, 16) .
Infection and preparation of RF RNA. Monolayers of BHK or chicken embryo fibroblast cells in plastic petri dishes were infected with a multiplicity of infection of 100 with either SIN HR or ts6 at 30°C as described elsewhere (16 Fig. 4 for 15-min incubation) . Thus, the transcription complex that was formed in vivo by ts6-infected cells at 300C was temperature sensitive when incubated in vitro at 40°C.
Next we used the in vitro assay to determine whether the viral transcription complexes dissociated in ts6-infected cells that were shifted up. If the transcription complex dissociated, then the P15 extracts prepared from shifted-up cells would fail to synthesize viral RNA when incubated in vitro at 30°C. P15 extracts were prepared from SIN HR-or ts6-infected cells that were shifted up at 12 h p.i. and incubated at 40°C until 14 h p.i. Under these conditions, the rate of viral RNA synthesis in the ts6-infected cells was less than 10% of that in the SIN HR-infected cells (Fig. 1) . When the P15 extracts from these cells harvested at 40°C were incubated in vitro at 30 or 40°C, large amounts of [32P]CTP were incorporated at 30°C but not at 40°C into RI, 49S, and 26S RNA by the P15 extracts from ts6-infected cells (Fig. 4) into RI RNA and even less into 49S and 26S RNA compared with P15 extracts prepared from SIN HR-infected cells.
To demonstrate conclusively that the temperature sensitivity of the ts6 transcription complex resulted from temperature sensitivity of the elongation reaction, we performed an in vitro pulse-chase experiment (Fig. 5) . The P15 extracts of SIN HR-or ts6-infected cells were incubated for 1 min at 30°C in the presence of high-specific-activity [32P]CTP, i.e., low CTP concentration, and then chased at 30 or 40°C after the addition of a high concentration of unlabeled CTP. Only the Rls became labeled after a short pulse with a low concentration of high-specific-activity [32P]CTP. The label was chased from the RIs in P15 extracts of ts6-infected cells at 30°C but not at 40°C (Fig. 5) . On the other hand, the label was chased from the RIs at 30 and 40°C in the P15 extracts from SIN HR-infected cells (Fig. 5B) . Therefore, at 40°C the ts6 transcription complex was unable to elongate RNA that had been initiated at 30°C.
DISCUSSION
We characterized in vivo the ts lesion in the transcription complex formed in cells infected with ts6. Keranen and Kaariainen (7) had demonstrated that the syntheses of 49S and 26S RNA were inhibited equally after shift-up and that plus-strand RNA synthesis resumed after the infected cells were returned to the permissive temperature even in the absence of new protein synthesis. Our results have extended these findings and have demonstrated that [3H]uridine incorporation into 49S and 26S RNA was inhibited simultaneously with its incorporation into RIs upon shifting ts6-infected cells to 40°C late in infection. This indicated that there was a ts lesion in the elongation reaction. If initiation of viral RNA synthesis had been inhibited, incorporation of [3H]uridine into RIs would have decreased before its incorporation into 49S RNA and 26S mRNA.
Because the P15 fraction prepared from ts6-infected cells retained in vitro the in vivo phenotype of ts6, we were able to further characterize the ts lesion exhibited by the ts6 transcription complex. The results from the in vitro experiments substantiated our conclusion based on the in vivo (9) used the postnuclear cytoplasmic pellet fraction to characterize in vitro the RNA polymerase formed by two RNA-negative ts mutants of Semliki Forest virus. However, the same activity was observed in vitro at the nonpermissive temperature as at the permissive temperature. We picked ts6 because its transcription complex retained temperature sensitivity after its formation. Most other RNA-negative, ts mutants of SIN HR failed to assemble the transcription complex at the nonpermissive temperature; however, once the transcription complexes formed at the permissive temperature, they continued to function at the nonpermissive temperature. It should be possible to study in vitro other alphavirus ts, RNA-negative mutants that demonstrate a change in viral RNA synthesis after shift to the nonpermissive temperature. This would include mutants that show temperature sensitivity of 26S RNA synthesis and of minus-strand RNA synthe- SiS. Recently, the nucleotide change responsible for the RNAnegative phenotype of ts6 has been mapped to the gene nsp4 (Y. Hahn et al., presented at the VII International Congress of Virology, 1987). The nsp4 sequence contains short regions of homology with replicase proteins of several other viruses (6) . Our results support a model in which nsp4 would be involved in the elongation of RNA chains by the alphavirus transcription complex. It is interesting that nsp4 is underproduced relative to nspl, nsp2, and nsp3 in SIN-or Semliki Forest virus-infected cells (4, 8, 15) . In SIN, but not Semliki Forest virus, an opal termination codon precedes the nsp4 gene (20, 25) , and nsp4 is found predominantly as an nsp3+nsp4 polypeptide (4 
